Abstract-The combination of tendon driven robotic fingers and variable impedance actuation in the DLR hand arm system brings benefits in robustness and dynamics by enabling energy storage. Since the force measurement and motors are in the forearm the tendon path should have low friction for accurate movements and precise finger control. In this paper an enhanced generation of the Awiwi hand finger design is presented. It reduces the friction in the actuation system about 20 percent and increases the maximum fingertip force about 33 percent. A test finger was designed to evaluate different tendon couplings and to test a magnetic sensor to measure the joint position. In a next step a new finger design for DLR hand arm system has been developed. Finally, the low friction and the robustness are proven using several experiments.
I. INTRODUCTION
In the most recent years of humaniod robotics, research labs that are designed to suit the robot capabilities [1] are replaced by more realistic environments or even the real world [2] , [3] , which brings humanoid robots much closer to work with humans. This step consequently led to a paradigm change that can be seen on various robots providing enhanced robustness [4] , [5] , [6] , [7] : Many robots nowadays are able to deal with impacts instead of trying to avoid any collision. Collisions are 'a part of the game'. The robustness of robotic hands is especially important since it is a very exposed and filigree part. A robot hand has to provide the dynamics and sensitivity to perform complex and delicate manipulation tasks while maintaining the robustness needed to interact with the real world. Thus, we developed an anthropomorphic hand for the DLR Hand Arm System [5] called the Awiwi hand [8] , [9] (Fig. 1 ) to provide anthropomorphic:
• Robustness • Performance • Small size In the recent years some remarkable newer developments have been presented that share the goals of the Awiwi hand and its redesign. Synergies can be used to achieve a tradeoff between the number of drives and the grasping performance [6] .This hand is equipped with dislocatable joints like the Awiwi hand, to provide robustness against impacts/ collisions (cf. Fig. 2 ). The Sandia hand uses a modular concept with completely dislocatable modular fingers to provide robustness but still dexterous grasping abilities [10] , [11] . The Awiwi hand is able to approach all hand postures of the taxonomies presented in [12] and [13] , as well as to keep an object firmly grasped even during an impact [14] . 1 Furthermore, it is able to withstand the impact of a 500g hammer, while in full operation, without any damage [14] . A complex system, such as the Awiwi hand, is continuously improved in order to reach always more ambitious goals. This paper presents the latest achievements in the redesign process that is carried out to enhance the following aspects:
• Improve grasping and manipulation performance • Reduce the complexity of the system • Reduce maintenance time and effort The precise control of the fingers is paramount into achieving the best grasping performance. Thus, the redesign efforts are aiming at simplifying and improving the positioning accuracy and the torque sensing capabilities. Two major aspects of the hand are identified as being limitations regarding the performance of the hand controller: The friction in the guiding and the creeping of the tendons. First, the tendon forces acting on the joints must be estimated since friction of the tendon path is not directly observed and the forces are measured via the deflection of the elastic elements directly next to the actuator as discussed in [15] . Moreover, the joint friction itself is not observed, and depends on many parameters such as the temperature, the surface quality Genuine design New design Fig. 2 : Initial (top) and new (bottom) finger design. Both fingers have dislocatable joints to enhance the robustness against lateral collisions. In the new design, the sliding surfaces of the initial design are replaced by ball bearings to reduce joint friction. and the tendon pretension. Those two friction sources are limiting the torque sensitivity in the fingers, thus impairing the performance of the compliance controller. The second problem is the creeping of the Dyneema R tendons, that is, their plastic deformation over time. The joint positions are estimated based on the assumption of a rigid kinematic coupling. Therefore, as a result of the creep, the estimation of the joint position is degrading over time. The effect is most visible when the tendons are loaded asymmetrically, either due to the tendon pre-loading or the forces exerted on a grasped object.
The initial choice of the Dyneema R was motivated by the work of Friedl [15] that showed that for the small pulley diameters used in the Awiwi hand, the lifetime (in load cycles) of a Dyneema R tendon is 100 times higher than a steel tendon with an equivalent diameter. The material being non conductive is also a significant advantage over metallic cables. Unlike closed loop mechanism, antagonistic designs (underactuated or not) can handle the creep by controlling the tendon force or by introducing springs as extensors, e.g. [16] . 2 The Awiwi hand uses an antagonistic 2N design and, therefore, is able to compensate the creeping of the Dyneema R tendons. Nevertheless, if no link side sensor is used, the estimation of the link side position must rely on a precise model of the tendon creep, which introduces a layer of complexity in the control system. Moreover, establishing a reliable model is very complicated and costly since the creep of the tendon is influenced by many factors e.g.: the load, the life time and temperature. A link side sensor allows to circumvent that issue but introduces a new set of cables and also reduces the mechanical robustness of the fingers.
The first section of the paper is analyzing the limitations of the current finger design, which was presented in detail in [9] , [8] , [14] . The second section highlights the design changes made to achieve a better grasping performance, 2 Compensating the creep does release the spring and is therefore limited by the maximum spring travel mostly achieved by significantly reducing the friction, in particular in the joints. It describes the introduction of link side sensors used to directly obtain precise angle measurements that are used as ground truth reference for the experiments. Furthermore, it describes several mechanical changes that reduce the complexity of the system and at the same time improve the performance of the Awiwi hand. Finally, an outlook to the changes planned for the complete hand is given. The third section reports the results of several experiments that confirm the effectiveness of the new design. It is followed by a conclusion and the outlook.
II. ANALYSIS OF THE GENUINE DESIGN
Implementing a compliant controller on robotic hands is beneficial, since it compensates uncertainties, when interacting with objects. Several approaches are available but they all require joint torque control, either directly as in the case of impedance control or indirectly in the case of admittance control. Although many methods exist that can deal with frictional effect, a very low joint and tendon friction allow to identify possible implementation errors, analyze the controller performance and gain confidence in the control architecture. It motivated the use of steel cables and ball bearings. The resulting reduction of the robustness, the reduced life time and the less available maximum forces are not a concern in that phase. Once, the controller concepts are proven, the robustness of the original design, that is bound to measurement inaccuracies, can be reclaimed with the help of skin type sensors.
The analysis is decomposed in three sections. First, the friction induced by tendons and their pulley guiding is investigated. Next, the joint friction, that is the friction due to sliding of the bone heads, is analyzed. The last part concentrates on the sliding friction between the tendons and the finger structure.
A. Tendon Friction within the Forearm
The Awiwi hand has been designed assuming that the friction within the forearm would be negligible since all guidings and pulleys used ball bearings. However, during the implementation of the controllers, it appeared that the friction was larger than expected. The total friction along the tendon path in the forearm results from the guidings in the flexible adjustable spring mechanism located in the forearm [15] , the wrist pulleys 3 , the palm guidings with pulleys or sliding surfaces and the finger sliding surfaces. In order to investigate futher the source of the discrepancies, a calibrated weight has been lifted in a triangular motion to measure the overall friction along the complete tendon path from the winder to the palm (Fig. 3) . The experiments are performed on a dedicated tensile testing machine as in [17] . The results for different materials are reported in Fig. 4 . According to a standard ball bearing catalog, the expected friction of a pulley is in the order of 1 %. As it can be seen in Fig. 4 , the internal litz wire friction of the tendon itself A weight of 1.89kg is lifted in a triangular motion on a tensile testing machine. The weight is connected with a tendon to a force sensor. Noteworthy is that steel has the lowest friction.
B. Joint friction
Particularly in the most proximal joints, the friction is significant at high tendon loads as described in [14] . This friction can harm the control performance if it is higher than estimated. Due to several factors described in the following this is partially true for the Awiwi hand. On one hand, any additional friction along the tendon path is more critical than initially expected due to the much higher friction at the pulleys. On the other hand, in particular the hyperboloids of the base joint turned out to have a significantly higher friction coefficient than expected from the first measurements and data sheets. At higher tendon loads the deformation of the hyperboloids leads to increased friction diameters 4 and 4 the average diameter of the sliding surface the friction coefficient of the used bearing plastics increase at high contact pressures. The base joint friction can be estimated conservatively by assuming all tendon forces act in the same direction. 5 The active force f t,act,joint i is the tendon force needed in joint i to exert an external force. It acts at the joint pulley of joint i and has to overcome the friction in the joint surface caused by the normal force f ni . Neglecting capstan friction the normal force at joint i
where f t,pre is the tendon pretension force of joint i. The tendon loads of all more distal joints introduce an additional normal force in the respective joint. Hence, the summed up normal forces f Ni at joint i becomes
The vector f n of all joint normal forces is multiplied with a lower triangular matrix of ones ∈ R n×n in order to yield the vector of all normal forces
Using (1) and the friction torque of each joint, that is τ fri = f Ni μr i , the resulting friction torque vector is
A joint friction torque τ fr,base = 24 Nmm is measured for 20 N pretension of every tendon, a joint friction coefficient μ c = 0.1, a friction radius r c of 3 mm, 6 and without any external load. It represents less than 1 % of the maximum joint torque of 3444 Nmm of the index and middle finger. In the worst case scenario, the friction radius increases to the maximum hyperboloid radius of 8.2 mm due to bending of the hyperboloid and the per tendon pretension force is 100 N. For this worst case scenario, the friction gets up to 656 Nmm which is ≈ 20 % of the maximum joint torque. A more detailed estimation of the friction is provided in [14] . To measure the joint friction the base joint has been mounted on a testbed. One hyperboloid was turned by a direct drive motor, while the second one has been loaded in a well defined way by a spring with a defined pressure. The friction torque τ fr,base =170 Nmm with a pretension of 8 N on every tendon. The high friction can be explained by manufacturing tolerances. Using the same method, a less significant increase in the joint friction is found for the more distal joints, most likely due to machining inaccuracies. Consequently, the reduction of the base joint friction is a design goal for the new finger design.
C. Capstan friction
The DIP tendons have the highest enlacement angle of all tendons since they have to cross the three joints of the finger [14] . Consequently, the tendon friction is maximal for the DIP tendon ( Fig. 5 and (Fig. 6) ). Additional friction is introduced by the two guiding surfaces required to keep the tendons in place. The sliding surfaces are manufactured with a dedicated bearing plastic in order to reduce the capstan friction and the surface wear. The efficiency of the tendon path μ dip is
The equation is composed of three parts, corresponding to the Euler tendon friction on the three joints. The adduction angle of the metacarpal joint is denoted φ 1 . The base flexion angle and the PIP flexion angle are denoted φ 2 and φ 3 . The offsets, δ 1 , δ 2 and δ 3 , describe the contact angle on the sliding surface at angle zero.
D. Guidelines for a new design
The following guidelines proposed for the new finger design to improve the performance of the Awiwi hand:
• The joints of the fingers should be dislocatable to protect them from overloaded • The finger must work with steel or plastic fiber tendons for a wide operation spectrum • The design should integrate the inclination and twist of the genuine design • A N + 2 design should be used for the little and the ring finger 7 
III. FRICTION REDUCED FINGER DESIGN
A test finger has been designed to satisfy, as closely as possible, the guidelines. One half of a forearm is used, together with a special adapter, to hold and actuate the new finger prototype (cf. Fig. 7 ). Using the same testbed(forearm) for the single finger and the full hand is lowering the risk of an imprecise friction approximation. The finger joints are equipped with ball bearings to reduce joint friction. The joints can dislocate if they overloaded, similar to the genuine design. However, unlike the genuine design, the bearings are hold by elastic clips. It maintains the bearings into the joint sockets which greatly simplifies the assembly and repair process. The clip mechanism provides a lateral stability that is not anymore provided by the tendons since the tendons are routed next to the median plane of the finger. The torque required to dislocate the joint is 54 Nmm for the distal joint without tendon pretension. The value is a good compromise between stability during light grasps and robustness under impact. The difference in the efficiency for the distal joint between the old and the testbed design is shown in Fig. 8 . The main improvement in terms of friction is due to joint between the proximal and distal phalanxes. The two distal tendons are routed over a ball bearing pulley in the proximal joint. Additionally, all sliding surfaces in the distal and proximal joints are removed. The efficiency of the distal joint is increased by 23% in a stretched out configuration. In a flexed configuration with a base flexion of 90
• , the improvement reaches 53%. A comparison of the efficiency of the genuine and new design depending on the deflexion angle is reported in Fig. 8 . A pulley guiding for the PIP and DIP tendons in the base joint is too large and complex to fit. Therefore, it is not possible to further reduce the configuration dependent friction in the metacarpal joint guiding.
For the metacarpal joint the sliding surface were redesigned by pulleys. Beginning at 20
• in abduction a sliding surface prevent a jump out. To be able to work with steel and plastic fiber tendons the tendon fixation is formed like an undercut expanding anchor. Under pretension the tendon is automatically hold down. Additionally, a terminal screw can fix the steel tendon. For the metacarpal joint a steel clamp can be mounted to prevent the jump out of the steel tendon. Steel tendons have a behavior like a spring and therefore they want to go back without pretension to a straight line. If steel tendons are used, the maximum force should not exceed 120 N, this is the elastic limit for bending. The maximum tensile force is double so high. If we considered the initial coupling matrix 8 .
And calculated the fingertip force for 120 N on all flexor tendons we get.
The joint torque can be calculated by:
Due to the cross coupling between proximal and distal joint the fingertip force is only 3.8 N for the proximal joint. If the forces are balanced for the two joints to get maximum 8 The coupling between metacarpal joint and proximal and distal joints is neglected fingertip force, it can reach 9 N. If the cross coupling is replaced with a direct coupling, the maximum fingertip force rises to 21 N. A fingertip force of 40 N can be reached with Dyneema tendons as flexors and a 250 N maximal tension.
In figure 9 , the three different tested coupling are shown. Another important point was the N+2 design for the ring and little finger. 
A. Under Actuated Design
In the initial design, a fixed cross coupling was used for the ring and fifth fingers. The disadvantages are: lower robustness in the distal joint, the need for a pretension mechanism for the coupling between PIP and DIP and the loss of a degree of freedom, which reduce the adaptability to grasped objects. The two DOFs of the base joint can be actuated with a minimum of three tendons. The single extensor runs in the middle over a sliding surface to the proximal bone. Hence, the stiffness behavior in metacarpal flexion direction is asymmetrical, because we have two flexors and only one extensor with the same maximum tendon force. The spared tendon can be used for the distal joint. According to [18] a tendon driven mechanism with active tendons is controllable only, if there exits a ξ, that fulfills
In which f b is the bias force vector and (J T j ) + ) is the MoorePenrose pseudo-inverse of J j . If we take the direct coupling from the index finger Fig. 10 a) and consider only the DIP and PIP joint and save the PIP extensor tendon, we get this coupling matrix for R 2 and R 3 equal one.
The calculation shows that the intuition can be misleading. Indeed, it is impossible to control all joints although the mechanism seems functional. A simple test confirmed the calculations. The position of distal and proximal joints cannot be controlled. A systematic approach allows to formulate the next possible coupling (cf . Fig . 10 b) ).
This second coupling is functional, as expected from the matrix rank. However, the coupling is not ideal w.r.t. the maximal fingertip force since the two distal tendons are pulling against the proximal tendon. This disadvantage can be corrected by using the mirrored coupling given by:
This coupling, depicted in Fig . 10 c) , allows the ring finger to reach a fingertip force of around 16.5 N with steel tendons. All other possible couplings result in a weaker finger or in an impossible mechanical design.
B. Sensor
An axial sensor [19] or a special sensor [20] can be used to get the link side position of the fingers. Both alternatives require a large space and result in a bulky design. The use of a compact analog sensor implies that extra care must be taken to implement the data acquisition electronics. An offaxis sensor on the top of the finger offers free space on the grip side and is well protected by the bones. The AS5510 from austriamicrosystem provides a small 10 bits sensor with integrated digital I 2 C communication. The concept requires to design a specific magnet for each joint. The test finger uses several independent electronic boards which, in a complete design, could be chained to spare wires. The position of the electronic boards is depicted in Fig. 11 . Some preliminary 
C. Fullhand
Hence, the hand can be redesigned upon the previous analysis. The inclination and the twist of the genuine design [21] are reused in the new design Fig . 12 . The fingers are designed using a parametrized model which allows to generalize the CAM (Computer Aided Manufacturing) programs. The finger parts are easily generated from parameter tables. Unlike the test finger, the end stops for the base joint are integrated to ease the zeroing procedure. The extensors of the thumb base are rolling on the base pulley. This linear coupling greatly simplifies the algorithm for the estimation of the link side position. Moreover, it enables a more accurate zeroing of the thumb base position. The new hand is designed with a place holder for the optional link side sensors. Indeed, the low friction obtained with the steel tendons should provide a sufficient accuracy. However, the sensors might be temporarily used during the control evaluation phase. IV. EXPERIMENTS A. Stiffness depending accuracy 10 To give the hand user a feeling for the task depending stiffness, one important point is the repeating accuracy of the finger. Due to the progressive spring behavior we can expect a rising accuracy with higher joint stiffness. The load depending bearing friction is linear to the load and the sliding surface shows a decreasing friction with rising load. The stiffness versus torque curve has a higher order and should reduce the friction depending spring deflection.
where f bias is the pretension of the tendon. The analysis is performed on the proximal joint. The stiffness of the distal joint is hold. The link side sensor is used as a reference. Beginning with 5 N pretension the bias force is rose to 65 in 15N steps. The link drives a trapeze profile with a amplitude of 50 • (Fig.:13) . The measurements fit well between link side sensor and the result of FAS 11 and motor. Only at five Newtons pretension the difference is large than 0.5 degrees. A polynom of order seven is used for the calibration of the FAS sensor which is badly conditioned at low forces. The better accuracy at low pretension can be explained by the FAS friction which is at 5N higher than the joint and tendon friction. The same effect happened for 50 N pretension, at which only a part of the friction is compensated by the FAS. The results at the testbed are not totally transferable to the hand because in the tendon path of the full hand are more pulleys due to the palm guiding. On the other side the testbed uses not the right FAS for distal and proximal joint instead it uses the metacarpal FAS. These are softer because the spring deflection is larger for the bigger torque lever arm.
B. Accuracy depending from on the tendon elongation
Due to the creeping of Dyneema over a long load time, the link position gets lost. At the beginning of the paper three 10 The accuracy behavior for different tendon materials was not tested on the finger, because the friction tests were done on a tensile machine [17] . (Fig.: 14) . Although the position of joint is calculated on the one side from flexor and extensor tendon and on the other side only from the extensors. As expect the errors are quite big for uncompensated tendon elongation because the FAS are calibrated for Dyneema and for the tendon length in the forearm. It is better to calibrated the elongation with mounted fingers to get the real tendon length. If the joint position is calculated from both tendon, the creeping error is 1.3
• for Dyneema and 0.3 • for steel after five minutes. The elongation of the steel comes from the glued splices and should be replaced by crimped terminals. If it calculates from the extensors, the results are improved for all solutions, at which the calibration error of the FAS can have more influence. Best solution is the use of a link side sensor for initial position and then calculated the link position by the higher resolution motor and FAS sensors.
C. Video Explanation: Robustness and under actuated hand mode
To show again that the fingers are still robust against collisions, the finger is hit by a hammer and then grasps an object in the under actuated mode. In this mode the finger The new finger design for the Awiwi hand is introduced in this paper. It reduces the friction by about 20%. The accuracy could be improved to yield a positioning error below 2
• in each joint. Furthermore, it shows that the more robust fiber tendons like Dyneema bring a lot bending friction on when using ball bearing pulleys. With the link side position lost through creep a change to the steel tendon brings a more reliable system. Different solutions for the link side measurements are considered in this paper. A very compact link side sensor is developed based on a Hall effect sensor.
The next step is to test the new fingers for grasping and manipulation. Although a new palm is in development for better maintenance. New grip surface of the finger are developed for better friction and larger contact surfaces. Thereby the human has to be analyzed, to get a better understanding.
The test finger will be tested in N+1 configuration and then compared with the two other solution.
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